Abstract: Turbulent kinetic energy of water in a compound channel. The aim of the experimental research was the determination of water turbulent kinetic energy changes in a compound channel without and with rigid, emergent, vegetation existing on fl oodplains. Two tests for two various roughness of fl oodplains were realized. In the fi rst test the surface of the main channel bed was smooth and made of concrete whereas the fl oodplains and sloping banks were covered by cement mortar composed with terrazzo. In the second test the covering of the fl oodplains was left as in the fi rst test but additionally emergent vegetation (trees) growing on the fl oodplains were modeled by aluminium pipes. Instantaneous velocities were measured with use of a three-component acoustic Doppler velocity meter (ADV). The infl uence of trees, located on fl oodplains, on the distributions of turbulent kinetic energy in the main channel and on the fl oodplains were presented. The distributions of turbulent kinetic energy at different water depths were described by regression equations. Vertical distributions of turbulent kinetic energy on the fl oodplains and over the banks of the main channel were divided into three zones. Over the bottom of the main channel, four zones were determined, containing the middle zone of the fl ow fi eld divided into two zones of different trends.
INTRODUCTION
The research on the turbulent water fl ow structure in channels and rivers is realized worldwide nowadays. Without the recognition of turbulence structure in a compound channel, it is impossible to properly understand the processes happening during the fl ow of water. The scale of interest in those research problems is refl ected by a very high number of relevant scientifi c papers. On the basis of those papers, it can be concluded, that the research on turbulence characteristics of water fl ow is realized both on small--scale and large scale models of single or compound channels and it is as well realized in rivers (Czernuszenko and Lebiecki 1980; Nezu and Rodi 1986; Knight and Shiono 1990; Nikora et al. 1994; Nikora and Smart 1997; Rowiński et al. 1998; Babaeyan-Koopaei et al. 2002; Rowiński et al. 2002; Yang et al. 2007; Sanjou et al. 2010; Terrier et al. 2010) .
Low vegetation (e.g. grass) and tall one (steams and trees) existing in the cross-sectional area of river channels, cause the increase of motion resistance, change velocity distributions and infl uence water depth. Additionally, water fl ow characteristics in the compound channel are considerably different from single channel characteristics. Because the shape of the cross section varies and the roughness of the main channel and fl oodplains is very often different, the fl ow structure of a compound channel is usually very complex. The research on fl ow conditions of channels with elastic and rigid vegetation is realized in a very broad range of vegetation density-from dense vegetation (Nepf 1999; Ben Meftah et al. 2006; Mazurczyk 2007a) to single plants in a cross-section (Ingo et al. 2007; Sanjou et al. 2010; Terrier et al. 2010 ) both for submerged and emergent vegetation.
Turbulent kinetic energy (TKE) is the mean kinetic energy per unit mass of fl uid in relation with turbulent fl ow eddies. Physically, it is characterized by the measured, mean squared (RMS) velocity fl uctuation. On the basis of three--dimensional turbulent velocity values -along 3 axes: {x, y, z}, the longitudinal turbulent intensity u', the transverse turbulent intensity v' and the vertical turbulent intensity w' were calculated, and then the turbulent kinetic energy (TKE) k, was calculated (Nezu and Nakagawa 1993) according to the following formula:
The turbulent kinetic energy is produced by shear and wakes. In principle shear production converts mean kinetic energy to turbulence and at the same time wakes are created as an effect of work against form drag (Rowiński and Mazurczyk 2006) . This is characteristic of turbulence in vegetated areas only (on fl oodplains) and has very important consequences. It makes the vertical distribution of longitudinal turbulent intensity and kinetic energy much more uniformly distributed (Rowiński et al. 2002) , which is particularly evident in this case on fl oodplains.
According to Grinvald and Nikora (1988) the share of longitudinal turbulence intensity in kinetic energy is dominant and ranges from 55 to 80%. In the analyzed channel, the share of longitudinal turbulence intensity in the kinetic energy was about 50%. The lower percentage share of longitudinal turbulence intensity, in the analyzed case, results from a complex cross-sectional area and relatively small main channel roughness, which contributes to the process of water mixing between the main channel and the fl oodplains for the whole analyzed channel width . This process signifi cantly infl uences the increase of turbulence intensity in the transverse direction. This is why the determination of turbulence structure, especially in the case of channels with a complex cross--section, requires the measurements of velocities with proper probes at least in two directions -the longitudinal and the transverse one. Usually, the vertical turbulence intensity has the lowest share in the kinetic energy-not exceeding several percents. Grinvald and Nikora (1988) , basing on their research results, proved, that the share of vertical turbulence intensity in the kinetic energy decreases downwards to the bottom. The measurements in the fi eld proved their observations, however only for main channels. Nezu and Nakagawa (1993) proposed the description of the distribution of vertical turbulent kinetic energy in the form of exponential regression equation, valid for the intermediate region of single channels for steady two-dimensional fl ow. Knight and Shiono (1990) found, that in a channel of a complex cross-section, there is the similarity of turbulent kinetic energy distribution, and the best fi t to the exponential regression equation was obtained for the channel centerline. They found also that the data revealed the three dimensional nature of the fl ow in regions where strong lateral shear and secondary fl ow exit. In a straight compound channel with rigid and fl exible emergent fl oodplain vegetation, Schnauder (2004) confi rmed that secondary currents are the primary mechanism for momentum exchange, and the magnitude of the boundary turbulent kinetic energy between the vegetation and the main channel is a function of both the relative depth and the fl oodplain vegetation properties. The highest turbulent kinetic energy was measured for fl exible vegetation arrangements compared to the rigid at the highest fl ow discharges. Schnauder (2004) showed that in fact the lower density fl exible vegetation produces higher turbulent kinetic energy then the denser rigid setup and suggested that vegetation fl exibility has stronger infl uence on turbulent kinetic energy fi eld then the vegetation density.
On the model of the open, trapezoidal compound channel, the research on the structure of turbulent water fl ow was performed. One and three dimensional measurements of water velocities were used to determine basic turbulence parameters in the cross-section, and the structure of turbulence on vegetated and non-vegetated fl oodplains (Kozioł et al. 1998; Rowiński et al. 1998; Kozioł 2002; Rowiński et al. 2002; Czernuszenko et al. 2007; Kozioł 2008) .
The aim of the research was the analysis of changes and the distribution of turbulent kinetic energy of water in a compound channel, infl uenced by trees located on fl oodplains. The determined changes of turbulent kinetic energy at selected vertical profi les: on fl oodplains, on the banks of the main channel and over the bottom of the main channel, were described with regression equations. The areas of changes in the trend of turbulent kinetic energy were also analyzed in the vertical profi le of the main channel.
EXPERIMENTAL ARRANGEMENTS AND METHODOLOGY
The experiments considered herein were carried out in the Hydraulic Laboratory of the Department of Hydraulic Engineering, Faculty of Civil and Environmental Engineering at the Warsaw University of Sciences -SGGW. A straight open channel with symmetrically complex trapezoidal cross section, 16 m long and 2.10 m wide was used for the laboratory tests. The bed slope of the channel was 0.5‰ and the water surface was kept almost parallel to the bed during the experiments. A uniform and steady fl ow was achieved in every case. Water discharges were recorded with use of a measuring circular overfall -540 mm in diameter. Water surface slope was measured by recording the pressure differences among piezometers located along the centerline of the channel bed at the distances 4 and 12 m from the channel entrance. The main channel width was equal to 30 cm and the fl oodplains' width was 60 cm. The sloping banks were inclined at the angel 1:1.
Two tests for two various roughness of fl oodplains were realized (Fig. 1 ). In the fi rst experiment, the surface of the main channel bed was smooth (Manning roughness coeffi cient n = 0.011 m -1/3 s) and made of concrete whereas the fl ood-plains and sloping banks were covered by cement mortar composed with terrazzo with grains of 0.5 to 1 cm in diameter (Fig. 1a) . Average Manning's roughness coeffi cient for the rough surfaces of overfl ow area channel equaled about n = = 0.018 m In the second experiment, the covering of the fl oodplains was left as in the fi rst experiment but additionally high vegetation (trees) growing on the fl oodplains were modeled by aluminum pipes of 0.8 cm diameter, placed with both longitudinal and lateral spacing's of 20 cm (Fig. 1b, Fig. 2 ). There were 8 pipes in each of 161 cross-sections. The "tree-tops" were above water level during the experiments and the pipes were not subject to any elastic strains caused by overfl owing FIGURE 1. Scheme of a laboratory cross-section for fi ve considered tests: a) experiment 1 in a channel with the smooth bed of the main channel and rough fl oodplains, b) experiment 2 in a channel with the smooth bed of the main channel and rough fl oodplains vegetated with trees, 1 -pipes imitating trees, 2 -wooden strips supporting the trees (dimensions in cm)
water. The hydraulic parameters of conducted researches were introduced in the Table 1 . Water levels in the main channel and on the fl oodplains, all three components of point velocities, water temperature and water discharge were measured during the course of the experiment. The cross-section at the half of the channel length was selected for velocity measurements (Fig. 3) . It consisted of 23 verticals -six on each fl oodplain and eleven in the main channel.
Instantaneous velocities were measured with use of a three-component acoustic Doppler velocity meter (ADV) manufactured by Sontek Inc. The acoustic sensor was mounted on a rigid stem attached to a specially designed trolley allowing for its detailed positioning. ADV works Figure 4 presents vertical turbulent kinetic energy distributions (TKE) in the main channel and on the fl oodplains, achieved in experiment 1 (smooth main channel bottom, rough surface of the main channel banks and fl oodplains) and in experiment 2 (additionally emergent vegetation -trees growing on the fl oodplains). Turbulent kinetic energy is calculated on the basis of the turbulence intensity, and that's why vertical distributions of TKE are almost identical to the distributions of the relative turbulence intensity in the longitudinal direction, in relation to the relative depth z/h (z -distance from measurement point to the bed surface, h -depth in measuring vertical). In experiment 2 over the main channel, from the fl oodplain elevation (0.56 z/h) downwards to the bottom, TKE values increase and the best fi t is achieved by linear regression equation. Over the fl oodplain elevation, TKE values do not change with depth, until 0.9 z/h (Fig. 4) .
RESULTS AND ANALYSIS

Turbulent kinetic energy in the compound channel for nonvegetated fl oodplains
In the zone near the water surface, the steadiness of turbulent kinetic energy is visible, which is caused by the process of signifi cant mixing and the exchange of water between the main channel and fl oodplains. At depths higher than 0.9 z/h, very close to the water surface, TKE values increase. Figure 5 presents vertical distributions 2 * / k U over the bottom and the linear regression equations, describing the energy distribution versus the water depth in the centerline of the main channel (vertical 39). Friction velocity U * was determined from measured Reynolds stress distribution (Tab 2; Nezu and Nakagawa 1993; Rowiński et al. 2005 ). In the channel of a compound cross-section, with rough fl oodplains and rough main channel banks, it is not possible to apply one equation for vertical turbulent energy 2 * / k U distribution over a smooth main channel bottom, which is also proved by research of Knight and Shiono (1990) . The work by Knight and Shiono (1990) focused on a channel with a smooth bottom surface and of a similar cross--section, and as they suggested, there was the similarity of energy 2 * / k U description over the main channel bottom by exponential regression equation, which gave the best fi t at the channel centerline for z/h < 0.6. Nezu and Nakagawa (1993) proposed the following exponential regression equation for the description of turbulent kinetic energy distribution in single channels in the conditions of steady two-dimensional fl ow in the intermediate region (0.1 < z/h < 0.6):
In experiment 1, that focuses on the main channel with a smooth bottom and rough banks, the distribution of turbulent kinetic energy 2 * / k U cannot be described with one regression equation for the whole smooth bottom width, because of a high variability of analyzed parameters (Fig. 5) . The highest energy values 2 * / k U are achieved at the channel centerline (vertical V39), and their vertical distri- Over the banks of the main channel (vertical 32, 34, 42 and 44) and on the fl oodplains (verticals 6-30) TKE values increase downwards to the bottom (Fig.  4) , where the best fi t is achieved by linear regression equation, in the region 0.1 < z/h < 0.81 (Fig. 6) . Turbulent kinetic energy on fl oodplains is considerably higher than in the main channel. Figure 4 presents vertical distributions of turbulent kinetic energy in the main channel and on the fl oodplains for experiment 1 and 2 with trees existing on the fl oodplains. In experiment 2 vertical distributions of kinetic energy were also described with regression equations, but only for the main channel. In experiment 2, TKE values almost do not change with depth over the banks of the main channel (verticals 32-34 and 42-44), while below the depth of 0.46 z/h higher fl uctuations are observed (Fig. 4) . TKE values are lower at the bottom, while in the zone near the water surface they are higher in the experiment with trees on the fl oodplains.
Turbulent kinetic energy in the compound channel with emergent vegetation (trees) on the fl oodplains
On the fl oodplains in experiment 2, at all verticals (Fig. 4, V6-19) , TKE values do not change with depth and reach lower values than in the experiment without trees. This is characteristic of turbulence in vegetated areas only (emergent vegetation like shrubs and trees) and has very important consequences. It makes the vertical distribution of longitudinal turbulent intensity and kinetic energy much more uniformly distributed (Rowiński et al. 2002) , which is particularly evident in this case on fl oodplains. According to Nepf and Vivoni (1999) in the fl ow of water infl uenced by rigid tall vegetation, as a result of resistance generated by tree-trunks and stems, the mean motion energy transforms into turbulent kinetic energy, which causes the considerable increase of its value. In the experiment 2, the trees caused the decrease of TKE value (Fig. 4) . Similar results were achieved by Grinvald and Nikora (1988) , proving the hypothesis, that the occurrence of wakes doesn't cause the increase of TKE. They concluded, that the introduction of vegetation, which visible effect is the break of eddies and the decrease of eddies length, infl uences the increase of energy dissipation, but not the production of turbulent kinetic energy. According to Rowiński et al. (2002) , however, the presence of trees on fl oodplains causes the decrease of the length of macro-eddies and also decrease of the dissipation rate of turbulence. 
Comparing both experiments (Fig. 7 ) a considerable infl uence of trees, located on fl oodplains, on vertical distributions of TKE is visible. The trees caused the increase of TKE values, the highest in region near the bed and at water level. The increase of turbulent kinetic energy in the zone close to the water surface is caused by energy production in the process of strong mixing of water and mass exchange between the main channel and vegetated fl oodplains. Also in this zone a considerable increase of longitudinal turbulence intensity take place, which can be related with the increase of absolute Reynolds stresses. However, the increase of kinetic energy at the bottom results from bed shear stresses (Grinvald and Nikora 1988) .
Trees on the fl oodplains have caused the increase of TKE in the main channel and the decrease on fl oodplains (Fig. 4) . In both experiments, the highest TKE values occur in the zone, where the main channel area joins and the fl oodplain area. In the vertical that joins both areas (vertical 30) trees have caused the change of TKE trend, from decreasing to increasing upwards to the water surface.
In the verticals of single channels, 3 zones of fl ow fi eld can be determined: near the bed regions -"wall region", the intermediate and at water level regions -"free-surface region" (Nezu and Nakagawa 1993). The analyzed distributions prove, however, that in compound channels such zones can be distinguished on fl oodplains and over the banks of the main channel, almost for the whole channel width. Four zones can be determined over the bottom of the main channel. The zone near the channel bed to the depth of 0.1 z/h, the zone close to the water surface, higher than 0.9 z/h and the middle zone, which clearly consists of two parts. The lower middle zone, which is located below fl oodplains elevation, is called the inner (inbank), middle zone, and the upper middle zone is considered to be outer (outbank), middle zone. The inner zone is mainly infl uenced by the bottom and the banks of the main channel, while the outer zone is infl uence by the interaction between the main channel and the fl oodplains. A considerable growth of interaction, caused by the vegetation on fl oodplains, have decreased the boundary between the main channel and fl oodplains from the fl oodplain elevation 0.56 z/h (Fig. 5 ) to about 0.46 z/h (Fig. 7) .
CONCLUSION
The description of water turbulence in compound channels is complicated, insuffi cient and still requires the explanation of many scientifi c problems, despite a considerable interest in this fi eld of research. Contemporary 3D measurements enable a signifi cant refi nement of turbulence structure description. The consideration of the interaction between the main channel and fl oodplains in the case of compound channels and also the consideration of the infl uence of tall fl oodplain vegetation, require repeated recognition of turbulence characteristics and more complete turbulence structure description. These issues justifi ed the scope of the performed research. Presented results are based on instantaneous, 3-dimensional velocity measurements in a compound channel with rough fl oodplains and rough channel banks and with smooth main channel bottom. The research was performed for two different conditions of water fl ow: with and without trees on fl oodplains.
In the channel without trees, TKE values increase downwards to the bottom on fl oodplains and over main channel banks, where in general the best fi t of TKE distribution is reached by linear regression equations in the range: 0.1 < z/h < < 0.81. The vegetation, although it causes the increase of turbulence intensity in the near surface zone, and the decrease of turbulence intensity in the near-bottom zone and over the banks of the main channel, does not infl uence the increase of turbulent kinetic energy on fl oodplains, but decreases it considerably. The vegetation also contributes to more uniform vertical turbulent kinetic energy distribution both on the fl oodplains and over the main channel banks.
Over the bottom of the main channel, from the fl oodplain elevation, TKE values increase downwards to the bottom, and the best fi t for the description of that increase is the linear regression equation (Eq. 3) in the range 0.1 < z/h < 0.56. Over the fl oodplain elevation, TKE values are constant with depth in the range: 0.56 < z/h < 0.9. Floodplain vegetation caused a considerable increase of TKE both at the bottom and at the surface and the decrease of the elevation at which TKE trend changes: from the fl oodplain elevation (0.56 z/h, Fig. 5 ) to about 0.46 z/h (Fig. 7) . Below that elevation, TKE values increase more rapidly downwards to the bottom and the relevant distribution of TKE was described by linear regression equation (Eq. 4) in the range 0.1 < z/h < 0.46. For depths higher than z/h = 0.46, the increase of TKE was observed, which was described by the linear regression equation (Eq. 5) in the range of 0.46 < z/h < 0.9.
The areas of the presence of increased turbulent kinetic energy are the channel banks, the zone of channel and fl oodplain interaction, and also the fl oodplains without trees. The transverse turbulence intensity reaches high values in compound channels, especially in the interaction zones and on the fl oodplains, and they exert a high infl uence on the values of turbulent kinetic energy.
The performed research proved the vertical distribution of turbulent kinetic energy and the division into 3 zones of fl ow fi eld on fl oodplains and over channel banks, and four zones over the bottom of the main channel: near the bed regions, the intermediate regions inner and outer, and at water level regions.
